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A poly(A) tail was identified on the 3' end of the prototype tick-borne encephalitis (TBE) virus strain
Neudoerfl. This is in contrast to the general lack of poly(A) in the genomic RNAs of mosquito-borne flaviviruses
analyzed so far. Analysis of several closely related strains of TBE virus, however, revealed the existence of two
different types of 3' noncoding (NC) regions. One type (represented by strain Neudoerfl) is only 114 nucleotides
long and carries a 3'-terminal poly(A) structure. This was also found in several TBE virus strains isolated from
different geographic regions over a period of almost 30 years. The other type (represented by strain Hypr) is
461 nucleotides long and not polyadenylated. The sequence homology between the two types of TBE virus 3'
NC regions terminates at a specific position 81 nucleotides after the stop codon. The second type of 3' NC region
more closely resembles the common flavivirus pattern, including the potential for the formation of a 3'-terminal
hairpin structure. However, it lacks primary sequence elements that are conserved among other flavivirus
genomes.

The family Flaviviridae consists of about 70 classified
members, most of which are arthropod-borne viruses (4, 32).
The flaviviruses are subdivided into eight serocomplexes,
each of which contains human pathogens. The majority of
these pathogens, such as yellow fever (YF) virus, Japanese
encephalitis (JE) virus, West Nile (WN) virus, and the four
dengue (DEN) virus serotypes, are transmitted by mosqui-
tos. Most of the viruses of serocomplex 1, however, are
transmitted by ticks to their vertebrate hosts. The most
prominent representative of this subgroup is tick-borne
encephalitis (TBE) virus, which is endemic in many parts of
Europe and Asia, causing thousands of cases of severe
human brain infections every year. Strains of TBE virus
have been isolated from both patients and ticks from various
geographic regions throughout Europe and Asia over a
period of almost 40 years (10, 14). By serology, at least two
subtypes of TBE virus have been distinguished, the Euro-
pean and the Far Eastern subtypes (13, 15).
The flavivirus genome consists of a single positive-

stranded RNA molecule that is about 10.5 kb long. As with
many positive-stranded viral RNAs and cellular mRNAs, the
5' terminus carries a cap structure (6, 24, 30). However, the
3' end of various flaviviruses was found to lack a poly(A)
structure (1, 24, 29, 31), and this was considered a charac-
teristic feature of the family Flaviviridae (1, 5, 24), distinct
from most other positive-stranded RNA viruses of plants
and animals.
During the past few years, a considerable number of

flavivirus genome sequences have been elucidated (summa-
rized in reference 5). These data revealed that the structural
proteins (capsid [C], membrane [Ml and its precursor protein
[prM], and envelope [El) and the nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NSS) are
encoded within a single long open reading frame that makes
up more than 90% of the genome. As deduced from nucleo-
tide sequence and protein chemical analyses, the viral pro-
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teins are encoded in the order 5'-C-prM-E-NS1 to NS5-3'.
The viral polyprotein is cleaved co- and posttranslationally
by cellular proteases and at least one viral protease to
release the individual proteins. Both sides of the long open
reading frame are flanked by short noncoding (NC) regions.
The 5'-terminal NC region is approximately 100 nucleotides
long and was described to have the potential to form
secondary structures that may be conserved among several
flaviviruses (2). The 5' terminus consists of a type 1 cap
structure attached to the conserved dinucleotide 5'-AG-3'
(5).

In mosquito-borne flaviviruses, the 3'-terminal NC region
has been generally found to be between 400 and 600 nucle-
otides long. It includes at least two short stretches of high
primary sequence conservation (termed CS1 and CS2 [12])
and terminates with the dinucleotide 5'-CU-3'. A portion of
CS1 is complementary to another conserved sequence near
the 5' terminus and was proposed to function as a cyclization
sequence during replication or encapsidation (12). The ap-
proximately 90 most 3'-terminal nucleotides have the poten-
tial to form a stable secondary structure (3, 9, 28).

Recently, the complete genome sequences of the Euro-
pean subtype TBE virus strain Neudoerfl (17, 19) and the Far
Eastern subtype TBE virus strain Sofyn (23) were deter-
mined. Both the 5' NC region and the long open reading
frame closely match the pattern described for mosquito-
borne flaviviruses. However, for both TBE virus sequences
the 3' NC region was found to be only 114 nucleotides long
and to terminate with the nucleotide C, thereby lacking both
the conserved primary (CS1 and CS2) and secondary (3'-
terminal stem and loops) structure elements.

In this report, we describe the 3'-terminal NC regions of
several strains of TBE virus and provide evidence for the
presence of a poly(A) tail. The sequence of another type of
3' NC region present only in certain strains ofTBE virus was
elucidated. Our results indicate that strains of TBE virus
may contain at least two fundamentally different types of 3'
NC regions, both of which differ significantly from the
mosquito-borne pattern.
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MATERIALS AND METHODS

Virus strains, growth, and purification. The following
strains of European subtype TBE virus were used: prototype
strain Neudoerfl, isolated in 1971 from a tick (Ixodes ricinus)
in Burgenland, Austria (14); strain NE 1/12, isolated in 1985
from a tick at the same natural focus as strain Neudoerfl (10);
strains ZZ/9 and ZZ/16, both isolated from ticks in the Tyrol,
Austria, in 1985 (10); strain A-52, isolated from a tick on
Kumlinge Island, Finland, in 1959 (14); strain Hochoster-
witz, isolated from a tick in Carinthia, Austria, in 1971 (14);
strain Hypr, isolated from human blood in Czechoslovakia in
1953 (14); and strain Scharl, isolated from human brain in
Lower Austria in 1956 (14).

Viruses were grown in primary chicken embryo cells,
concentrated by ultracentrifugation, and purified by two
cycles of sucrose density gradient centrifugation as de-
scribed previously (14).

5'-3' ligation of viral RNA and generation of cDNA. We
recently described a new protocol that allows rapid genera-
tion of cDNA fragments representing the 5'- and 3'-terminal
regions of linear RNA molecules (18). Briefly, RNA was
prepared from purified virus suspensions as described pre-
viously (17). This RNA was decapped by treatment with
tobacco acid pyrophosphatase, and then the 5' and 3' termini
of the RNA were ligated with RNA ligase. Then double-
stranded cDNA was synthesized by using oligonucleotide
P33 (5'-AGGATGGCCTTCTTGA-3'), complementary to a
sequence on the RNA 150 bases away from the 5' terminus.
From this cDNA, a fragment representing the ligated 5'- and
3'-terminal genomic regions was amplified by the polymer-
ase chain reaction (PCR), using the 20-mer primers PHind-1
(5'-CGTAAAAGATTGTCCGGAAC-3') and PHind-2 (5'-
CTCCTAAGCTTTCTTTTTCT-3'). These oligonucleotides
are complementary (except for single mismatches that create
HindIlI restriction sites) to the negative- and positive-strand
sequences of TBE virus strain Neudoerfl, 70 and 100 bases
away from the 3' and 5' termini, respectively. Amplified
DNA was cloned into the single HindlIl site of the phagemid
Bluescript (Stratagene), and single-stranded DNA was pre-
pared from individual clones for sequence analysis.

Sequence analysis. Single-stranded DNA was sequenced
by the dideoxy method of Sanger et al. (25). In more recent
experiments, radioactive labeling was replaced by the use of
fluorescent dyes and the reaction products were analyzed on
an automated sequencer (ABI model 373A).
Sequencing reactions using RNA as a template were

performed by a modification of the dideoxy method as
described by Zimmern and Kaesberg (34). Typically, 1 jig of
RNA was mixed with 50 ng of one of the (T)15-N oligonu-
cleotide primers.

Reverse transcription of poly(A). Template nucleic acid
(200 ng or 1 ,ug) was mixed with 20 ng of a 15-mer oligo(dT)
primer, 5 U of human placental RNase inhibitor, 5 ,uCi of
[32P]TTP (Amersham), and unlabeled TTP (Boehringer) to a
final concentration of 200 ,uM TTP in 5 ,u of the reverse
transcription reaction buffer supplied by the manufacturer of
the enzyme (Boehringer). After the addition of 5 U of
reverse transcriptase, the sample was incubated at 42°C for
15 min. Then the reaction was stopped by the addition of 5 RI
of loading buffer. The sample was heated to 90°C for 1 min,
and a 4-pJ aliquot was loaded onto an 8% polyacrylamide
sequencing gel. Electrophoresis was run until unincorpo-
rated nucleotides reached the bottom of the gel. Gels were
dried and exposed to X-ray films (Hyperfilm ,-max; Amer-

sham) for variable lengths of time (several hours to several
days).
Computer analyses. Comparisons of different flavivirus

sequences, including sequence alignments and homology
calculations, were performed by using programs of the
Beckman Microgenie software package (version 4.0). Se-
quences were screened for homologies against the EMBL
data bank (release May 1990), using the FASTA algorithm of
Pearson and Lipman (22). RNA secondary structure calcu-
lations were performed by the method of Williams and
Tinoco (33).

RESULTS

Analysis of TBE virus strain Neudoerfl. The 3'-terminal NC
region of the genome sequence of TBE virus strain Neudo-
erfl (19) was recently reported to be considerably shorter
than that of mosquito-borne flaviviruses and to lack all the
primary and secondary structural elements conserved
among these viruses. This prompted us to reinvestigate the
genomic termini of this virus. A new method was developed
(18) that involves the ligation of the 5' and 3' termini of viral
RNA, the generation of double-stranded cDNA, and the
PCR amplification of a DNA fragment corresponding to the
linked terminal regions of the genome. DNA prepared by
this method was cloned, and 35 recombinant bacterial colo-
nies were randomly picked for sequence analysis. The
results obtained by this approach are summarized in Fig. 1A.
Every clone analyzed contained sequences from both the 3'-
and 5'-terminal regions of the genome. Almost half of the
clones (16 of 35) contained sequences representing the
complete 5'- and 3'-terminal genomic regions as reported
previously (17, 19). The other clones exhibited truncated 3'-
and/or 5'-terminal sequences (summarized in Fig. 1A). Sur-
prisingly, every clone with a complete 3' end (24 of 35) also
contained a poly(A) structure next to this 3' end. This
homopolymeric stretch varied in length from 20 to approxi-
mately 80 nucleotides. It was not present in any of the clones
with truncated 3'-terminal sequences. An example of a
sequence pattern obtained from a clone with complete 5' and
3' ends separated by a poly(A) tract is shown in Fig. 1B. In
this clone, the homopolymeric structure is interrupted by a
single G residue (asterisk in Fig. 1B), which was also found
at different positions within the poly(A) tracts of three other
clones. These G's were probably introduced by an inaccu-
racy of reverse transcriptase or Taq polymerase. The 5' and
3' truncations (Fig. 1A) and the varying lengths of the
poly(A) tract are possibly due to partial breakdown of RNA
and polymerase stuttering, respectively.
None of the 35 clones investigated exhibited any flavivi-

rus-specific sequences varying from the previously reported
sequence ofTBE virus strain Neudoerfl (17, 19). Two clones
contained sequences that were unrelated to any known
flaviviral or other sequence (EMBL data bank, release May
1990) and did not hybridize to TBE viral RNA (data not
shown). Probably, they originated from contaminating DNA
or RNA that was picked up during the PCR reaction.
To rule out the possibility of PCR artifacts, the existence

of a homopolymeric A sequence in the genome ofTBE virus
strain Neudoerfl was confirmed by two alternative ap-
proaches. (i) Viral RNA was incubated with reverse tran-
scriptase in the presence of a 15-mer oligo(dT) primer, using
[32P]TTP as the only substrate (Materials and Methods).
Fractionation of the reaction products on a polyacrylamide
sequencing gel yielded a ladder of bands on the autoradio-
graph consistent with the presence of a poly(A) structure in
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FIG. 1. 5'-3'-Ligated cDNA clones of TBE virus strain Neu-
doerfl. The first and the last nucleotides of the full-length genome
sequence [excluding poly(A)] are shown by arrows and their respec-
tive position numbers. (A) Schematic summary of the structures of
all clones analyzed. Dashed lines indicate truncations of variable
lengths. (B) Section of the sequence pattern obtained from one of
the 16 clones with complete 3' and 5' NC regions separated by a
homopolymeric A structure. The sequence corresponds to the
negative strand. An asterisk indicates a G residue interrupting the
poly(A) structure.

the genome of TBE virus strain Neudoerfl (Fig. 2, lane d).
The apparent number of A's observed in this experiment is
considerably larger than that revealed in the PCR clones
described above. This is probably due to stuttering of the
reverse transcriptase. Polyadenylated RNAs, such as cellu-
lar mRNA and alphavirus genomic RNA, were used as
positive controls and gave rise to similar reaction product
ladders (lanes e and f). However, incubation of nucleic acids
that lack a poly(A) structure, such as rRNA, single-stranded
M13 DNA, and JE virus RNA, did not yield detectable
amounts of reaction products (Fig. 2, lanes a to c).

(ii) Viral RNA was subjected to dideoxy sequence analysis
using (T)15-G as a specific primer. G is complementary to the
last residue (C) of the sequence of TBE virus strain Neudo-
erfl (19; Fig. 1B). If this C residue is indeed followed by
several A residues, this approach should yield the 3'-termi-
nal sequence. The sequencing pattern obtained (Fig. 3)
clearly corresponds to the 3'-terminal NC region of TBE
virus strain Neudoerfl, thus confirming the presence of a

3'-terminal poly(A) tail. As a control, Sindbis (SIN) virus

FIG. 2. Oligo(dT)-primed reverse transcription. Template nu-

cleic acid (1 pug) was reverse transcribed by using oligo(dT) as a

primer and [32P]TTP as the only substrate. Reaction products were

fractionated on an 8% polyacrylamide gel. Exposure time of the
autoradiograph was 24 h. Lanes: a, rRNA; b, M13 single-stranded
DNA; c, JE virus RNA; d, TBE (strain Neudoerfl) virus RNA; e,
SIN virus RNA; f, neo mRNA.

RNA, which also terminates in C-poly(A) (26), was likewise
subjected to sequence analysis after priming with (T)15-G.
The sequence pattern shown in Fig. 3 corresponds to the
published 3'-terminal sequence of SIN virus (26). As a

nonpolyadenylated control, JE virus RNA, which terminates
with a U residue (27), was assayed by using the primer
(T)15-A. Only after very prolonged exposure of the gel could
a sequence pattern be visualized (Fig. 3). The derived
sequence matches an internal region of the genome of JE
virus (positions 6179 to 6163). This may be explained by
nonspecific hybridization of the (T)15-A oligonucleotide,
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FIG. 3. RNA dideoxy sequencing patterns. A 1-,ug sample of
each viral RNA was sequenced by using (T)15-G (SIN and TBE) or
(T)15-A (JE) as the primer. Reaction products were analyzed on 12%
polyacrylamide gels. The derived nucleotide sequences are indi-
cated next to the sequence patterns. Exposure times of the autora-
diographs were 12 h for the SIN and TBE sequences and 4 days for
the JE sequence.

possibly to the sequence 6190-TGAAGAAAAGAAAAAC-
6205 of the JE virus genome.

Analysis of different TBE virus strains. To determine
whether the presence of poly(A) is characteristic of TBE
virus in general, we screened several strains of TBE virus
that were available in our laboratory. Equal amounts (200
ng) of each viral RNA were subjected to reverse transcrip-
tion, using oligo(dT) as a primer and [32P]TTP as the only
substrate as described above. After fractionation of the
reaction products on polyacrylamide gels, five TBE virus
strains (NE 1/12, Hochosterwitz, A-52, ZZ/9, and ZZ/16)
yielded results nearly identical to those obtained from strain
Neudoerfl (Fig. 4). In the cases of two strains (Scharl and
Hypr), however, no such reaction patterns were observed,
even after very long exposure of the autoradiograph. The
intensities of the ladders obtained from the five positive
strains were either about as strong as (NE 1/12 and Hocho-
sterwitz) or weaker than that from strain Neudoerfl.
To verify the presence of a poly(A) tract on the 3' terminus

of the genome of one of the strains with weaker signal
intensities, RNA from TBE virus strain A-52 was subjected
to dideoxy sequence analysis employing the (T)15-G oligo-
nucleotide as a primer. A clear sequence pattern correspond-
ing to the 3' NC region was obtained (data not shown). In
contrast, no reaction pattern was obtained in this assay when
RNA from strain Hypr was used. Similarly, the use of
(T)15-A and (T)15-C as primers did not yield a sequence
pattern for the RNA of strain Hypr (data not shown).

Sequence analysis of the 3'- and 5'-terminal regions of TBE
virus strain Hypr. Since it appeared from the experiments
described above that the genome of TBE virus strain Hypr
was not polyadenylated, we set out to sequence the terminal
regions of this viral RNA. Sequence analysis of short cDNA
clones representing randomly spaced regions of the genome
had indicated an RNA sequence homology of more than 98%
to TBE virus strain Neudoerfl (unpublished observation).
This prompted us to use the same primers that had been used
for the analysis of strain Neudoerfl for the generation of
cDNA. As before, 5' and 3' termini of viral RNA were
ligated, and cDNA fragments corresponding to the 5'- and
3'-terminal genomic regions were generated, amplified by
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FIG. 4. Oligo(dT)-primed reverse transcription of TBE virus
strains. Genomic RNAs (200 ng) ofTBE virus strains indicated were
transcribed by using oligo(dT) as a primer and TTP as the only
substrate. Reaction products were fractionated on 8% polyacryl-
amide gels. Only a section of the autoradiographs (size range
approximately 20 to 100 bases) is shown. Exposure times were 24 h
for strains Neudoerfl, NE 1/12, and Hochosterwitz and 48 h for
strains A-52, ZZ/9, ZZ/16, Scharl, and Hypr.

use of the PCR, and cloned in order to sequence individual
clones.
Sequence analysis of seven clones thus obtained indicated

that all of these clones contained sequences that corre-
sponded to the 3' terminus (up to nucleotide 10458) and the
5' terminus (starting with nucleotide 1) of TBE virus strain
Neudoerfl. (Nucleotide numbers refer to the complete ge-
nome sequence of TBE virus strain Neudoerfl, i.e., +20
compared with the numbering in the corresponding figures in
references 17 and 19.) Between these homologous regions,
five clones contained 377 nucleotides which are not present
in the sequence of strain Neudoerfl. In two clones, this
additional sequence was truncated. A poly(A) structure was
not observed in any of the clones.

Figure 5 shows a comparison of the terminal nucleotide
sequences of strain Hypr as deduced from the five long PCR
clones (complemented with sequence information obtained
from random primed cDNA clones) with the homologous 3'-
and 5'-terminal sequences of TBE virus strain Neudoerfl.
The 3' NC region of the genome of strain Hypr as deduced
from Fig. 5 is 461 nucleotides long and not polyadenylated,
whereas that of the strain Neudoerfl genome is only 114
nucleotides long and carries a poly(A) tail.
As can be seen from Fig. 5, the sequences of the two

strains are almost identical in the 5' NC region and in the
3'-terminal region until nucleotide position 10458. In the
sequence between positions 1 and 107 there are only four
nucleotide differences. Between nucleotides 10200 and 10458
there are only six nucleotide differences. One of these, at

VOL. 65, 1991 4073



4074 MANDL ET AL.

(H) CAUGUUAUGUUCCUCCCUCGUUGGGAGGAAAGAAAGAGCAGAAUGGGCCAAGAACAUCUGGGGAGCAGUGGAAAAGGUGA
10200 10279

(N) CAUGUUAUGUUCCUCCCUUGUUGGGAGGAGAGAAAGAGCAGAAUGGGCCAAGAACAUCUGGGGAGCGGUGGAAAAGGUGA

R2- R1-
(H) GGAAGAUGAUAGGGCCUGMAAGUUCAAGGACUAUCUCUCUUGUAUGGACCGCCAUGACCUGCACUGGGAGCUCAGACUG

10280 :: x:::::::::::::: 10359
(N) GGAAGAUGAUAGGUCCUGAMAGUUCAAGGACUAUCUCUCCUGUAUGGACCGCCAUGACCUGCACUGG§AGCUCAGACUG

- R2 R1_

(H) GAGAGCUCMAAU iiCCAGACUGUGACAGAGCAAAACCCGGAGGGCUCGUAAAAGAUUGUCCGGAACCAAAGAA
10360 ::::::::::::::: : 10439

(N) GAGAGCUCAAUAAIJAU CCCAGACUGUGACAGAGCAAAACCCGGAAGGCUCGUAAAAGAUUGUCCGGAACCAAAAGAA

(H) AAGCAAGCAACUCACAGAGUGUGAGACCCCCCUGACCAGCAAAGGGGCAGAUCGGUCAGGGGUGAGGGAUGCCCCCAGAG
10440 :::::::::::::::::::xxx:::xx:xxx::xxx:::xxxxxxxxx

(N) AAGCAAGCAACUCACAGAGAUAGAGCUCGGACUGGAGAGCUCUUUAAAC(A)n

(H) UGCAUUACGGCAGCACGCCAGUGAGAGUGGCGACGGGAAAAUGGUCGAUCCCGACGUAGGGCACUCUGAAAAACUUUGUG
10520

(H) AGACCCCCUGCAUCAUGAUAAGGCCGAACAUGGUGCAUGAAAAGGGAGGCCCCCGGAAGUACGCUUCCGGGAGGAGGGAA
10600

(H) GAGAGAAAUUGGCAGCUCUCUUCAGGAUUUUUCCUCCUCCUAUACAAAAUUCCCCCUCGGUAGAGGGGGGGCGGUUCUUG
10680

(H) UUCUCCCUGAGCCACCAUCACCCAGACACAGAUAGUCUGACAGGAGGUGAUGUGUGACUCGGAAACACCCGCUAGAU
10760

(N) AGAU

10519

10599

10679

4

(H) UUUCUUGCGCGUGCGUGCGUUUGCUUCGGACAGCAUUAGCAGCGGUUGGUUUGAAAGAAAUAUUCUUUUGUUUUUACCAG
5 ::::::::x:::::x::::::::::::::::x::::::::::::::x:::::: 84

(N) UUUCUUGCACGUGCAUGCGUUUGCUUCGGACAGCAUUAGCAGCGGUUGGUUUGAAAGAGAUAUUCUUUUGUUUCUACCAG

(H) UCGUGAACGUGUUGAGAAAAAGA
85 :::::. .
(N) UCGUGAACGUGUUGAGAAAAAGA

FIG. 5. Comparison of the 3'- and 5'-terminal nucleotide sequences ofTBE virus strains Hypr (H) and Neudoerfl (N). Nucleotide numbers
refer to TBE virus strain Neudoerfl and are continued arbitrarily for the 3' NC region of the strain Hypr sequence. A box marks the position
of the stop codon. The 3' NC region of the strain Neudoerfl sequence terminates with a poly(A) structure [(A).]. Colons indicate identical
nucleotides, x's mark sequence differences. The positions of the direct repeat sequences Rl and R2 are shown. Sequence differences between
the first and the second copies of these repeats are marked by asterisks. A dashed line indicates the part of the strain Hypr sequence that may
form a stable secondary structure.

position 10229, which is still within the coding region of
protein NS5 (stop codon at position 10375), causes a con-

servative difference at the amino acid level (Arg in strain
Neudoerfl versus Lys in strain Hypr). However, the 30
3'-terminal nucleotides (positions 10459 to 10488) of strain
Neudoerfl that are followed by the poly(A) tract do not have
a homologous counterpart in the sequence of strain Hypr,
but consist in part (nucleotides 10463 to 10488) of a direct
repeat of the sequence immediately preceding the stop
codon that terminates the long open reading frame (repeat
Rl in Fig. 5). Interestingly, the sequence of strain Hypr at
the corresponding position is itself a direct repeat (repeat R2
in Fig. 5) of the sequence adjacent to the first copy of the Rl
repeat. Both repeats are imperfect (differences between the
first and second copies are marked with asterisks in Fig. 5),
and their first copies overlap by a single G residue.

Secondary structure and sequence comparison. The newly
obtained sequence of TBE virus strain Hypr was subjected
to secondary structure prediction. This revealed that the 87
3'-terminal nucleotides (depicted by a dashed line in Fig. 5)
may potentially fold into a stem-loop structure as drawn in
Fig. 6. A AG value of -43.9 kcal (-183.7 kJ) was calculated
for this RNA structure. The secondary structure exhibits a

long stem and two short loops (each 7 nucleotides long),
which are separated by a short base-paired region. While this
secondary structure is reminiscent of 3'-terminal secondary
structures described for mosquito-borne flaviviruses, pri-
mary sequence comparisons revealed no significant se-

AC A A
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FIG. 6. 3'-Terminal secondary structure of TBE virus strain
Hypr. The structure was calculated by the method of Williams and
Tinoco (33). Asterisks depict nucleotides that are exposed in the
side loop and are conserved among several flavivirus sequences.

J. VIROL.



POLY(A) IN A FLAVIVIRUS 4075

RYF RYF RYF

I 11 I v I
stop

AWN

I r-i

032 081

m1 -. 3'

RWN RC92 C02 C31

F m m n-in-
RC32 C32 Cal

III1 111 -~ -F l .,
stop

R2 RI RI poly(A)

III ~~~~~AAAAAAAAAA*AAA*AAAAA*A*AAA*AAAA 3-

stop

R2 RI R2

stop

3'

3'

FIG. 7. Schematic comparison of the 3' NC regions of three mosquito-borne (YF, WN, and DEN 2) flaviviruses as described by Hahn et
al. (12) and two strains of TBE virus. Repeat sequences and conserved sequence elements are indicated by boxes. RYF and RWN refer to
direct repeats present only in the respective sequences. CS1 and CS2 are sequence boxes conserved among mosquito-borne flaviviruses.
RCS2 are inverted repeats of the CS2 sequence. Rl and R2 are TBE virus-specific direct repeats. The sequences of the two TBE virus strains
diverge at the position of the second copies of these repeats. A pair of arrows pointing toward each other emphasize potential 3'-terminal
secondary structures. The sequences are aligned with respect to the positions of the first stop codons.

quence conservation between the 3' NC regions of TBE
virus strain Hypr and mosquito-borne flaviviruses.

DISCUSSION

The presence of a poly(A) tail in the genome of TBE virus
strain Neudoerfl is an unexpected finding. So far the absence
of a poly(A) structure and the presence of a characteristic
3'-terminal secondary structure was thought to be a general
characteristic of the flavivirus family (1, 5, 24, 31). The 3'
NC region of both the European subtype strain Neudoerfl
(19) and the Far Eastern subtype strain Sofyn (23) had
recently been found to be much shorter than that of mosqui-
to-borne flaviviruses. However, since in both cases 3'-
terminal clones had been prepared only after in vitro polya-
denylation, a natural poly(A) tail had previously not been
identified. We have now shown that the 3'-terminal NC
region of TBE virus strain Neudoerfl is only 114 nucleotides
long and carries a poly(A) tail. In addition, our data indicate
that polyadenylation of TBE virus is apparently strain spe-

cific. Poly(A) tracts were detected for several strains of TBE
virus that had been isolated from different geographic re-
gions over a period of more than 20 years. On the other
hand, we identified two TBE virus strains which lack a

poly(A) structure. Sequence analysis of one of these non-
polyadenylated strains (strain Hypr) yielded a 3' NC region
that is approximately three times longer than that of strain
Neudoerfl. Within its 3'-terminal 87 nucleotides, it exhibits a

potential secondary structure (Fig. 6) that resembles those
predicted for mosquito-borne flaviviruses. In particular, the
size, the calculated AG value, and the occurrence of two
characteristic loops, one of which exposes the sequence
5'-CACAG-3' (asterisks in Fig. 6), are reminiscent of the
corresponding structures postulated for other flaviviruses (3,
9, 28). Moreover, the derived 3' NC region of strain Hypr
terminates with the dinucleotide CU, as do all other flavi-
virus genomes determined so far (with the exception ofTBE
virus strains Neudoerfl and Sofyn).

Despite these similarities, the sequence of strain Hypr
differs significantly in other respects from the other flavivirus

sequences. Figure 7 schematically compares the structural
elements of three mosquito-borne flaviviruses (YF, WN, and
DEN 2 viruses) as derived from the original sequence data
by Hahn et al. (12) with those ofTBE virus strains Neudoerfl
and Hypr. The strict conservation of the sequence elements
CS1 and CS2 among mosquito-borne flaviviruses suggested a

functional role, possibly for the replication of the genome.
These do not have a homologous counterpart in the TBE
virus sequences. In addition, Hahn et al. (12) identified a

conserved 5'-proximal sequence element within the C pro-
tein coding region, which is complementary in part to the
CS1 sequence and was hypothesized to function as a cycliza-
tion sequence. However, there is no evidence for a con-

served cyclization sequence in TBE virus genomes se-

quenced so far.
The occurrence of two significantly different types of

3'-terminal NC regions among strains of a single virus type is
remarkable. Although considerable strain-specific variations
within untranslated regions of the genomes of RNA viruses
have been reported (8), the differences among the TBE virus
strains exceed those observed for other viruses and include
the absence or presence of a poly(A) tail at the 3' terminus.
It is unclear how these two different structures could evolve
within a single virus type among strains that have diverged
less than 2% on the nucleotide level in other genomic
regions. The sudden interruption of homology at a certain
nucleotide position certainly suggests some kind of recom-
bination event. Recombination has recently been observed
for a number of RNA viruses and may involve both cellular
or viral RNA (7, 20). In the case of TBE virus, it is striking
that each of the sequences following the point of divergence
in the genomes is a direct repeat of a sequence at the carboxy
terminus of the NS5 protein coding region (compare Fig. 5
and 7). The fact that neither of these repeats is perfect,
however, suggests that if they arose by recombination, this
event did not occur very recently in evolution. In addition,
our results demonstrate that there are TBE virus strains
isolated at different times and from various geographic
regions which exhibit the poly(A) genotype. These strains

YF

WN
stop

DEN 2

TBE
(Neud)rf I)

TBE
(Hypr)

3'
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also differ from each other in their passage histories. These
findings seem to argue against the possibility that the poly(A)
tract was acquired recently under artificial tissue culture
growth conditions. One might also speculate that polyade-
nylated genomes are noninfectious abortive products that
are formed in variable abundance. However, we could not
obtain evidence for a difference of specific infectivities when
standardized virus preparations of TBE virus strain Hypr
and strain Neudoerfl were compared with respect to growth
in primary chicken embryo cells (unpublished observation).
It seems noteworthy that the identified polyadenylated
strains were all isolated from ticks, whereas the nonpolya-
denylated strains originated from human patients. Because
of the low number of strains analyzed to date, it is too early
to judge the significance of this finding.

It is an interesting question whether specific biological
properties of TBE virus strains can be correlated with their
respective types of 3'-terminal NC regions. It has been
suggested (23a) that the more "mosquito-borne-like" 3' NC
region present in strain Hypr would enable this strain to
grow in mosquito cells. However, both strain Neudoerfl and
strain Hypr failed to grow to detectable levels in the C6/36
mosquito cell line even after introduction of viral RNA into
the cells by the lipofectin transfection method (unpublished
observation). This rules out the possibility of the 3' NC
region being the only determinant of a tick- versus mosquito-
specific host range of TBE virus. Nevertheless, differences
in biological properties, such as virulence in mice, have been
observed for the TBE virus strains Neudoerfl and Hypr
(unpublished observation), but these may be caused by
sequence differences within other regions of the genome
rather than the 3' NC region. For instance, attenuation of
TBE virus can be achieved by a single point mutation within
the protein E coding sequence (16). On the other hand, point
mutations present in attenuated strains of JE virus (21) and
YF virus (11) include nucleotide changes in the NC regions
of these viruses. Thus, it remains to be determined which
biological functions are specifically affected by elements of
the 3'-terminal NC regions.
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